GaN-based high electron mobility transistors (HEMTa) are promising devices for high power and high temperature applications [l -31. This potential is due to advantageous material properties such as a wide bandgap leading to high breakdown voltage, a high saturated-electron drift velocity and the existence of AlGaNiGaN heterostructures with a high conduction band offset and high piezoelectricity resulting in high sheet carrier densities in the lo1? cm * range. Recently, tremendous progress has been recorded in the material quality and device processing of GaN-based HEMTs. This has resulted in significant improvement in the DC and R F performances of these devices. AIGaN/GaN HEMTs with a current density as high as 1.7khnm have been reported [4] . 50nm gate-length AIGaN/GaN HEMTs with a record unity gain cutoff frequency Ifr) 1 IO GHz and maximum frequency of oscillation gIln,) over 140GHz have been demonstrated [5] .
In this Letter, we report the simultaneous achievement of the high current density and high cutoff frequencies for 0.25 p gatelength AlGaN/GaN HEMTs on sapphire substrates grown by molecular beam epitaxy (MBE). The current density of 1.39N mm, f T of 67GHz and A,,,, of 136GHz represent significant improvements for AIGaN/GaN HEMTs of similar gate-lengths on sapphire substrates.
The layer used here was grown on sapphire substrates by molecular beam epitaxy (MBE). The epilayer consists of 2 p n undoped GaN, 30 nm undoped AIo 24Gq) 76N and a 5 nm undoped GaN cap layer. Hall measurements showed a sheet carrier concentration of 1.5 x IOL3cm-* and an electron mobility of 1170cm2/Vs. Device fabrication started with mesa isolation using C12 plasma in an inductively-coupled-plasma reactive ion etch (ICP-RIE) system. Ohmic contacts were formed by rapid thermal annealing of evaporated Ti/AI/Ti/Au at 860°C for 30s. Using on-wafer transfer length measurement (TLM) patterns, the ohmic contact resistance was typically measured to be -0 35 C l " . Mushroom-shaped gates (Ni/Au) with gate-length (L,) of 0.25 pn were fabricated using electron-beam lithography. The devices had a gate width of 1 0 0 p and a source drain spacing of 2~1 . Gale bias was swept from 2 to -8 V in steps of -1 V The D C measurements were carried out using an HP4145B semiconductor parameter analyser. Fig. 1 shows the typical drain current-voltage (ID-VDs) characteristics of a device. The gate was biased from 2 to -8V in steps of -1 V. The devices exhibited a maximum drain current density of 1.39 A/" at a gate bias of 2 V and a drain bias of I V. To our knowledge this is the highest value ever reported for GaN-based HEMTs on a sapphire substrate. The DC transfer charactel-istics are shown in Fig. 2 . The drain was biased at 5 V. A peak extrinsic transconductance (g,J of 216mS/mm was measured at V,, = -6.6V and v,, = 5V. Drain bias was 5 V R F measurements were carried out on-wafer using an HP8510C network analyser in the I to 50GHz range. Fig. 3 shows the short-circuit current gain (111~~ I) and maximum available power gain (G,,,,,,J derived from on-wafer S-parameters measurements against frequency. The values of unity gain cutoff frequency v,) and maximum frequency of oscillation v, ; , , , , ) were determined by extrapolation of the l ! z211 and G,,,,,, data at -20dB/decade. At a drain bias of 10V and a gate bias of -6.7V, an,fT of 67 GHz and ,f;,,,,y of 136GHz were obtained, which to the best of the authors' knowledge are again thc highest data ever reported for 0 . 2 5~1 gate-length GaN-based FETs. Fig. la , whose frame has a height of 5 0 0~) can be assembled in this way. Physical considerations suggest that becausc of its advantageous size scaling, surface tension force (which scales as dimension) should overcoinc elastic forces (dimension squared) and self-wcight (dimension cubed) if the size of a structure is sufficiently reduced. To identify the limits of surface tension self-assembly, it is important to measure the torque available. This can be done with an elastic torque gauge, as we now show. Fig. 2 shows the geometry, which consists of two self-asseinbling parts on a 1 mm baseline. Normally, the surface tension torque would cause these to rotate in opposite directions through 45", until a mechanism is engaged to prevent further movement
